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Abstract: Gorgonian corals possess many novel natural products that could potentially 
mediate coral-bacterial interactions. Since many bacteria use quorum sensing (QS) signals 
to facilitate colonization of host organisms, regulation of prokaryotic cell-to-cell 
communication may represent an important bacterial control mechanism. In the present 
study, we examined extracts of twelve species of Caribbean gorgonian corals, for 
mechanisms that regulate microbial colonization, such as antibacterial activity and QS 
regulatory activity. Ethanol extracts of gorgonians collected from Puerto Rico and the 
Florida Keys showed a range of both antibacterial and QS activities using a specific 
Pseudomonas aeruginosa QS reporter, sensitive to long chain AHLs and a short chain 
iV-acylhomoserine lactones (AHL) biosensor, Chromobacterium violaceium. Overall, the 
gorgonian corals had higher antimicrobial activity against non-marine strains when 
compared to marine strains. Pseudopterogorgia americana, Pseusopterogorgia acerosa, 
and Pseudoplexuara flexuosa had the highest QS inhibitory effect. Interestingly, 
Pseudoplexuara porosa extracts stimulated QS activity with a striking 17-fold increase in 
signal. The stimulation of QS by P. porosa or other elements of the holobiont may 
encourage colonization or recruitment of specific microbial species. Overall, these results 
suggest the presence of novel stimulatory QS, inhibitory QS and bactericidal compounds in 
gorgonian corals. A better understanding of these compounds may reveal insight into 
coral-microbial ecology and whether a therapeutic potential exists. 
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1. Introduction 

Gorgonian corals are found in coral reefs worldwide, but are most abundant and diverse in 
Caribbean reefs [1]. The Caribbean gorgonians are dominant over scleractinian corals — both in size 
and number [1,2], are a rich source of natural products [3], and are important ecological components in 
Caribbean reef habitats [4,5]. Their success can be attributed partly to their diverse array of natural 
products that act as feeding deterrents against fish and invertebrate predators [3,6,7]. In addition, 
gorgonian natural products may also play a role in antifouling [8] and in mediating coral-microbe 
interactions [9-11]. Microbes are abundant in marine systems and natural constituents of healthy 
corals including a surface mucus layer [12-15]. It appears that many corals host rich bacterial diversity 
that is distinct from the water column, species specific, and play protective roles in the coral 
"holobiont" (symbiotic organism that includes the coral animal polyp, endosymbiotic dinoflagellate, 
and bacteria [16-19]). However, when coral bacteria communities are disrupted, this may render corals 
more susceptible to disease and mortality from pathogenic bacteria [11,20,21]. Thus, keeping 
microbial populations under control is a very important mechanism to maintaining coral health. 

Corals may control microbe populations with immune defenses [22,23], self-cleaning of 
mucus [24], or secrete chemicals that inhibit microbial growth, attachment, and behavior [8,11,25]. 
Such chemicals could include compounds that regulate bacteria communication or have antimicrobial 
activity. Bacteria communicate with one another using signaling molecules which accumulate in the 
environment with increasing bacterial density in a process termed quorum sensing (QS). When the 
concentration of signaling molecules accrues beyond a certain threshold, they interact with their 
cognate receptor and upregulate target gene expression. The best characterized QS molecules are 
iV-acylhomoserine lactones (AHL) [26-28] produced by Gram-negative bacteria. Due to the prevalence 
of Gram-negative bacteria in the marine environment, we focused on AHL-based QS signaling for this 
study. Gram-negative bacteria use QS to facilitate and coordinate a range of cellular processes such as 
motility [29], luminescence [30], biofilm formation [31], expression of virulence factors [32], and is an 
important mechanism in the colonization of eukaryotic organisms [33,34]. Growing documentation of 
QS activity in corals, suggest that QS is also important in coral-bacteria associations. Extracts of 
various stony and soft corals from the Great Barrier Reef have QS regulatory properties [35,36] and 
recently, production of QS signals have been reported in cultures of coral associated bacteria [37,38]. 
Most notable, Alagely et al. [39] demonstrated that compounds isolated from the surface of healthy 
corals could modulate QS regulated behavior in the coral pathogen Serratia marcescens. 

In the Caribbean, different studies have produced conflicting conclusions as to whether gorgonians 
possess compounds with antibacterial activity against marine bacteria and whether this is a significant 
component of microbial defense [9,10]. The differences between studies are mostly attributed to 
different interpretations of what constitutes significant antimicrobial activity based on the disc 
diffusion assay method. Furthermore, Jensen et al. [9] suggest that the maintenance of broad-spectrum 
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antimicrobial activity is not a leading factor in the evolution of chemical defenses in gorgonians. In 
addition to revisiting the scope of antibacterial activity in corals, it is also necessary to address other 
mechanisms for microbial regulation in gorgonians. The intricacy of how gorgonians regulate 
microbial populations remains largely unknown. It is not clear whether gorgonians have intrinsic 
chemical defenses against potentially pathogenic marine bacteria or other mechanisms for microbial 
regulation, such as quorum sensing (QS). Caribbean gorgonians have properties that modulate 
bacterial physiology and quorum sensing (QS) has been suggested as a possible mechanism [11]. 
Yet, to date, Caribbean gorgonians have not been surveyed for QS activity. The overall objective 
of this study was to determine whether or not Caribbean gorgonians have detectable levels of 
antimicrobial and QS activity. We surveyed dominant Caribbean gorgonians for the presence of QS 
activity and bactericidal activity against a suite of model bacterial strains, including ecologically 
relevant marine bacteria known to cause coral diseases. The gorgonians studied represent dominant 
genera from two locations in the Caribbean, Puerto Rico and the Florida Keys. We hypothesized that 
antimicrobial and QS activity would be detectable but would vary among the dominant gorgonian 
genera in the Caribbean. 

2. Results 

2.1. Antimicrobial Activity 

Ethanol extracts from all eight gorgonians showed significant but variable antibacterial activity 
against Gram-negative and Gram-positive bacterial strains (Tables 1, 2 and Figure 1). Overall the 
extracts from Pseudoplexaura porosa and Pseudopterogorgia acerosa demonstrated the highest 
inhibitory activity against all the bacteria strains, and Eunicea laciniata had the lowest bactericidal 
activity. Gorgonian extracts had greater inhibitory activity against Gram-positive than Gram-negative 
bacteria (Table 2). P. porosa, Plexaura homomalla, Pseudopterogorgia americana and P. acerosa all 
demonstrated significantly higher activity against Gram-positive strains. The gorgonian coral extracts 
also exhibited significantly higher bactericidal activity against non-marine compared to marine strains 
(Figure 2a). P. porosa, P. Americana, P. acerosa and E. laciniata had higher activity against 
non-marine bacterial strains, while Briareum sp. had the same activity against all bacteria regardless of 
the Gram staining or environmental source. 



Table 1. Description of marine and non-marine bacteria used in antimicrobial bioassays. 



Bacteria species 


Environment 


Gram Stain 


Source 


Methicillin resistant Staphylococcus aureus (MRSA) 


Non marine 


+ 


ATCC# 29213 


Methicillin sensitive Staphylococcus aureus (MSSA) 


Non marine 


+ 


ATCC #43300 


Vancomycin resistant Enterococcus faecium (VRE) 


Non marine 


+ 


ATCC# 700221 


Enterococcus faecalis 


Non marine 


+ 


ATCC #29212 


Bacillus subtilis 


Non marine 


+ 


ATCC #6051 


Escherichia coli 


Non marine 




ATCC # 10536 


Pseudomonas aeruginosa (PAOl) 


Non marine 




ATCC #39018 


Serratia marcescens (MG1) 


Non marine 




M. Teplitski 


Serratia marcescens 


Marine 




ATCC # 39006 


Serratia marcescens (PDL100) 


Marine 




ATCC # BAA-632 


Vibrio alginolyticus 


Marine 




GenBank # X744690 


Vibrio parahaemolyticus (PP-A2) 


Marine 




Genbank # FJ892748 
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Table 2. ANOVA statistical data for antibacterial activity. 



Factor 




AJNOVA data 




F 


df 


P 


Coral species 


63.50 


7 


AAA! 

<0.0001 


Bacteria species 


153.65 


11 


<0.0001 


Coral species x Bacteria species 


16.87 


77 


O.0001 


Gram stain (+) or (-) 


14.71 


1 


0.0002 


Coral species x Gram stain 


5.11 


7 


<0.0001 


Environment (non-marine or marine) 


14.74 


1 


0.0002 


Coral species x Environment 


4.41 


7 


<0.0001 



Figure 1. Cell plot with % growth inhibition of various gorgonian coral extracts against 
non-marine and marine bacteria (bold) strains. The red end of the spectrum represents very 
high bactericidal activity while the blue end of the spectrum represents little to no 
inhibitory activity. 
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Figure 2. (a) Average % growth inhibition of gorgonian coral extracts against non-marine 
and marine strains of bacteria. Data represents mean ± standard error. Asterisks indicate 
statistical difference in growth inhibition between non-marine and marine strains of 
the same coral extracts at p < 0.05 using Tukey post-hoc test; (b) Average % growth 
inhibition of all gorgonian corals against each tester strain of bacteria. Data represents 
mean ± standard error. Letters indicate statistical difference between inhibition of bacteria 
strains at p < 0.05 using Tukey post-hoc test. % growth inhibitions labeled with (e) do not 
differ significantly from the controls or zero. 



70 i 




Bacteria Strains 



(b) 

Among the bacteria strains, Bacillus subtilis was most sensitive to gorgonian extracts followed by 
vancomycin resistant Enterococcus (VRE) and methicillin-sensitive Staphylcoccus aureus (MSSA), 
Escherichia coli and Pseudomonas aeruginosa strain PAOl (Table 2 and Figure 2b). The coral 
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extracts had higher inhibitory activity against the vacomycin resistant Enterococcus than the 
susceptible strain, while there was no difference in inhibitory activity between the drug resistant 
Staphylcoccus aureus and the resistant strain. In contrast, very little inhibitory activity was 
observed against many of the marine bacteria, in fact there was negligible activity against all three 
S. marcescens strains (not different from the control). Of the Vibrio species, there was higher 
susceptibility to the coral extracts in V. alginolyticus than V. parahaemolyticus. 

2.2. Quorum Sensing (QS) Inhibitory Activity in Gorgonian Extracts 

The potential of gorgonian extracts to antagonize bacteria cell-cell communication systems was 
investigated using two reporter bioassays, Pseudomonas aerugionosa 3-oxo-C12-HSL (long chain 
AHL) and Chromobacterium violaceum CV026 (short chain AHL). Differences in antagonistic effects 
in the long chain AHL assay were observed among the corals tested (ANOVA F = 53.39, p < 0.0001, 
Figure 3). The gorgonians Pseudopterogorgia americana, Pseudopterogorgia acerosa, and 
Plexuara flexuosa and Gorgonia ventalina had the highest inhibitory effect on QS, while the other 
coral species did not have significant inhibitory activity above the controls. To exclude the possibility 
that reduced fluorescence was a result of growth inhibition rather than antagonism of QS activity, 
growth curves of P. aeruginosa PA01-JP2 (pKR-C12) with and without extracts were determined. At 
a concentration of 250 ug/mL, extracts did not significantly affect bacterial growth of the las/rhll 
double mutant PA01-JP2 reporter strain with pKR-C12 biosensor during the incubation time. 

Figure 3. Inhibition of quorum sensing (QS) by gorgonian extracts in the long chain acyl 
homoserine lactone (AHL) bioassay. Values represent % QS inhibition compared to 
vehicle control, which was set to 100% (n = 3 replicate wells, ANOVA F = 53.39, 
p < 0.0001). Data represents mean ± standard error. Letters indicate statistical difference at 
p < 0.05 using Tukey post-hoc test between coral species, although those labeled with 
(d) or (cd) were not different from the control or zero and thus are not considered 
to be inhibitory. 
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A decrease in violacein was expected in the Chromobacterium violaceum CV026 assay if 
coral extracts contained anti-QS compounds that interfered with short chain AHLs or their 
production. Violacein production was reduced by 50% in the presence of Pseudopterogorgia acerosa, 
Pseudopterogorgia americana, and Pseudoplexaura porosa extracts, while Gorgonia ventalina 
inhibited violacein by 30% (ANOVA F = 29.03, p < 0.0001, Figure 4). All other gorgonians tested did 
not affect violacein production in the Chromobacterium violaceum CV026 bioassay. Growth inhibition 
was also tested for C. violaceum, but none of the extracts affected bacterial growth (data not shown). 

Figure 4. Inhibition of violacein production by Chromobacterium violaceum CV026 by 
gorgonian extracts. Values represent % quorum sensing (QS) inhibition compared to 
vehicle control, which was set to 100% (n = 3 replicate wells, ANOVA F = 29.03, 
p < 0.0001). Data represents mean ± standard error. Only the gorgonians, P. porosa, 
P. americana, P. acerosa and G. ventalina had detectable inhibitory activity, although here 
was no discernible differences between the corals using Tukey post-hoc test. 




P. porosa P. americana P. acerosa G. ventalina 
Gorgonian species 



2.3. Quorum Sensing (QS) Stimulatory Activity in Gorgonian Extracts 

With the exception of Pseudoplexaura porosa and Gorgonia ventalina, none of the gorgonian 
extracts induced QS activity in the long chain AHL bioassay. P. porosa extract stimulated QS activity 
with a maximum 17-fold increase in signal over negative control (ANOVA F = 7314.64, p < 0.0001, 
Figure 5). G. ventalina had low, but appreciable, pro-QS activity with a 2-fold induction over negative 
control. For the Chromobacterium violaceum CV026 assay, none of the gorgonian extracts induced 
violacein production. 
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Figure 5. Stimulation of quorum sensing (QS) by various gorgonian extracts in the long 
chain acyl homoserine lactones (AHL) bioassay. Values were reported as relative 
fluorescent units (RFU) (n = 3 replicate wells, ANOVA F = 7314.64, p < 0.0001). Data 
represents mean ± standard error. Asterisks indicate gorgonians, which have greater than 1 
fold induction over negative control (without the addition of synthetic AHL (3-oxo-C12-HSL). 
There was statistical significance at p < 0.05 using Tukey post-hoc test between the 
stimulatory QS activity of P. porosa and G. ventalina. 
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Gorgonian Species 



3. Discussion 



Antimicrobial and quorum sensing (QS) compounds have been proposed as potential mechanisms 
for microbial regulation in Caribbean corals [9-11,37-40]. Overall, our study is in agreement with 
Kim 1994 [10] and Jensen et al. 1996 [9] in that the incidence of antibiotic activity against non-marine 
bacteria was significantly greater than marine strains. Specifically, we detected little activity against all 
three S. marcescens strains and Vibrio parahaemolyticus PP-A2, a strain isolated from the surface of 
healthy Pseudoplexaura porosa. S. marcescens PDL100 and V. alginolyticus are both coral pathogens, 
it is possible that these and other marine bacteria are successful pathogens due to the low bactericidal 
activity or resistance of the corals and their ethanol extracts. 

In addition, little activity was observed against Gram-negative strains relative to Gram-positive 
strains of bacteria, which supports the notion that gorgonians lack broad-spectrum antimicrobial 
activity. Jensen et al. [9] has suggested that antimicrobial activity might not be a crucial factor in 
the evolution of secondary metabolites. This may be a characteristic that is specific to Caribbean 
gorgonians, because broad-spectrum activity is found in corals from other locations around the 
globe [41]. Caribbean gorgonians may rely on other mechanisms, such as inducible immune 
defenses [22,23,42,43] or QS, for microbial regulation. Nonetheless, the presence of strong 
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antimicrobial activity against human pathogens is notable for the potential of development of novel 
antimicrobial therapies, especially against antibiotic resistant bacterial strains [44]. 

There is growing evidence that bacteria cooperative consortia (known as biofilms) with higher 
organisms may involve regulation of quorum sensing (QS) [31,45-47]. We investigated QS antagonism 
and inductive activity in Caribbean gorgonian corals as a possible method for microbial control. 
Considering the widespread occurrence of Gram-negative bacteria in the marine environment [48-50] 
and the prevalence of iV-acyl-homoserine lactones in marine bacteria [36,51,52], our investigation 
targeted LuxI/LuxR-type quorum sensing systems of Gram-negative bacteria. We used two different 
QS reporters for detecting long and short chain AHL signaling molecules in the gorgonian extracts. 
Our results show that Caribbean gorgonian corals possess compounds that both antagonize and 
stimulate or induce QS activity (summarized in Table 3). A third of the gorgonians screened had 
activity that antagonized QS activity, while only two induced QS activity. QS activity seemed to be 
genus specific, as activity was restricted to corals from the genera Pseudoplexaura, Plexaura, 
Pseudopterogorgia and Gorgonia. The three species from the genus Eunicea, along with Briareum and 
Muriceopsis lacked any QS inhibitory or inductive activity entirely. 

Table 3. Summary of inhibitory and inductive quorum sensing (QS) activities of crude 
ethanol extracts from 12 Caribbean gorgonian corals in Pseudomonas aeruginosa long 
chain acyl homoserine lactone (CI 2- AHL) and Chromobacterium violaceum CV026 short 
chain (C6-HHL) bioassays. Results are shown as presence (+) or absence (— ) of either 
inhibitory or inductive QS signal. 







Inhibitory QS Biossays 


Inductive QS Biossays 


Collection 


Coral Species 


Pseudomonas 


Chromobacterium 


Pseudomonas 

Chrom obacteriu m 


Location 


aeruginosa 
Long chain 
AHL 


violaceum CV026 
Short chain AHL 


aeruginosa 

violaceum CV026 

Long chain 

Short chain AHL 

AHL 


Puerto Rico 


Pseudoplexaura porosa 




+ 


+ 


Puerto Rico 


Plexaura flexuosa 


+ 






Puerto Rico 


Plexaura homomalla 








Puerto Rico 


Pseudopterogorgia 
americana 


+ 


+ 




Puerto Rico 


Pseudopterogorgia 
acerosa 


+ 


+ 




Florida Keys 


Plexaurella sp. 








Puerto Rico 


Eunicea laciniata 








Puerto Rico 


Eunicea tourneforti 








Florida Keys 


Eunicea mammosa 








Puerto Rico 


Briareum sp. 








Puerto Rico 


Gorgonia ventalina 


+ 


+ 


+ 


Florida Keys 


Muriceopsis flavida 









Moderate quorum sensing (QS) inhibition was detected in Pseudopterogorgia acerosa, 
Plexuara flexuosa, Pseudopterogorgia americana and Gorgonia ventalina, using a specific 
Pseudomonas aeruginosa screen (long chain AHLs), while more potent inhibition was found in 
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P. americana, P. acerosa, P. porosa, and G. ventalina using the Chromobacterium violaceum screen 
(short chain AHLs). Interestingly, P. acerosa and P. americana were antagonistic in both bioassays, which 
may indicate a mechanism conserved within the genus Pseudopterogorgia. The genus Pseudopterogorgia 
is known for having a rich diversity of bioactive natural products with diverse in vitro activities, such 
as anti-inflammatory [53], antimicrobial components [9,11] and ichthyodeterrents [6,54]. In addition, 
P. americana has copious amounts of mucus with properties that regulate metabolic and antibiotic 
activity in coral-associated bacteria and was suggested to be under QS control [11]. Skindersoe et al. [35] 
reported that true soft corals (Order Alcyonacea) from the Great Barrier Reef exhibited the highest 
levels of quorum sensing (QS) inhibitory activity in proportion to other marine organisms examined. 
The occurrence of QS antagonism in the Great Barrier Reef and Caribbean coral extracts suggests QS 
activity is a widespread phenomenon in Anthozoan-microbial interactions. 

Eukaryotes and prokaryotes can both activate or inhibit QS, which can elicit a range of functional 
responses in either group [55-57]. For example, bacteria isolated from marine sponges produce AHLs 
that are hypothesized to promote bacterial colonization of sponge surfaces [36,52]. In contrast, the red 
alga Delisea pulchra, synthesizes AHL mimics, known as furanones, that disrupt QS signaling and 
inhibit bacterial colonization of the alga surfaces [58,59]. Moreover, resident coral bacteria produce 
compounds that regulate the growth of other microbes [11] and may also be a source of QS 
antagonistic compounds. 

It is important to note the limitations of the assays used in this study. The gorgonian extracts may 
have AHL concentrations below the threshold of sensitivity to the biosensors or nonspecific AHLs to 
the biosensor. In addition, the long chain AHL Pseudomonas aeruginosa biosensor has a limited range 
of detection for the acyl moiety and is most sensitive to 3-oxo-C12-HSL and 3-oxo-C10-HSL AHLs. 

Strong quorum sensing (QS) induction was detected in Pseudoplexuara porosa while very 
moderate levels of QS stimulation were observed in Gorgonia ventalina in the Pseudomonas 
aeruginosa long chain AHL assay. In contrast, no QS induction was detected with the 
Chromobacterium violaceum CV026 assay. The ability of G. ventalina to have both very moderate 
anti-QS activity as well as moderate pro-QS activity is very interesting. Since no exogenous AHLs are 
added in the QS induction assay, it is entirely possible that extracts from G. ventalina have several 
different types of compounds in their crude extracts. Some compounds may mimic AHLs to stimulate 
QS, and some inhibit the QS activation pathway, or bind to the exogenous AHL to inhibit QS. Since 
this was not a phenomenon that occurred with any of the other 1 1 gorgonian corals examined, it is 
possible this is a phenomenon unique to G. ventalina. Of the corals we examined, G. ventalina is one 
of the most studied mostly due to its susceptibility to fungal and parasitic diseases [60]. As such, 
many different types of defense mechanisms from antifungal to antibacterial defenses have been 
identified [61,62]. The ability to moderately inhibit and stimulate QS may be a direct or indirect result 
of the diversity of defensive strategies employed by this coral. 

Crude extracts from Pseudoplexaura porosa, on the other hand, very definitively stimulated QS and 
produced a signal that was comparable to approximately 40% of the inducing synthetic AHL (50 nM, 
3-oxo-C12-HSL). Furthermore, P. porosa extracts showed high levels of inhibition in the 
Chromobacterium violaceum CV026 bioassay. Long chain AHLs (iV-acyl side chains from C 10 to C 14), 
in the presence of iV-hexanoylhomoserine lactones (HHL) are known to inhibit violacein pigment 
production in the Chromobacterium violaceum CV026 bioassay [63,64]. In our studies, there was a 
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negative correlation between anti-QS activity in the Chromobacterium violaceum CV026 assay and 
pro-QS activity in the long chain AHL Pseudomonas aerugionosa 3-oxo-C12-HSL assay. 
Collectively, these results suggest the presence of long chain AHLs or homologs in P. porosa extracts. 
In marine systems, long chain AHLs have been detected in sponges [36,65], marine snow [51], and in 
cultures of coral-associated bacteria [38]. Our results add to the growing evidence that long chain 
AHLs may be prevalent in marine microbial niches [36,51,52] and could indicate high bacterial 
densities within or on P. porosa tissues. Further study is needed to better understand what role QS 
stimulatory molecules have in gorgonian microbial ecology. 

4. Experimental Section 

4.1. Gorgonian Coral Collection 

Fragments of gorgonian corals were collected using SCUBA from La Parguera, Puerto Rico 
in July of 2007 and June of 2008 at the Looe Key Reef research site (24 33.78^, 8124.05'W) 
in the Florida Keys, USA. Gorgonian fragments (5 cm each from 5 individual coral colonies) were 
collected at depths of 5-10 m. Divers wore gloves to collect the corals and all coral fragments were 
kept in separate bags. Five colonies were sampled for the following species: Briareum sp., 
Eunicea laciniata, Eunicea tourneforti, Plexaura flexuosa, Plexaura homomalla, Pseudoplexaura porosa, 
Pseudopterogorgia americana, and Pseudopterogorgia acerosa, for Puerto Rico, and Gorgonia ventalina, 
Plexaurella sp., Muriceopsis flavida, and Eunicea mammosa for the Florida Keys. All specimens were 
identified by L.R. Hunt, L.D. Mydlarz, E. Weil (Puerto Rico), and E. Bartells (Florida). Coral 
fragments were flash frozen in liquid nitrogen and shipped on dry ice to the University of Texas at 
Arlington, and stored at -80 °C until use. 

4.2. Extract Preparation 

Gorgonian fragments (5 colonies) were pooled to provide sufficient amount of extract for bioassays, 
then lyophilized on a VirTis Benchtop K lyophilizer (The VirTis Company, Gardiner, NY, USA) and 
ground in a mortar with a pestle to a fine powder, and subjected to an overnight ethanol extraction at 
room temperature. 100% ethanol (Decon Labs, Inc., King of Prussia, PA, USA) was added at a ratio of 
10 mL to every 0.2 g of homogenized coral. Extracts were then transferred to pre- weighed vials, 
evaporated to dryness under N 2 , and final weights determined. All samples were diluted in 100% 
ethanol to a stock concentration of 100 mg/mL and stored at -20 °C until further analysis. 

4.3. Antibacterial Assays 

Gorgonian ethanol extracts were tested for antimicrobial activity against a suite of Gram-negative 
and Gram-positive non-marine and marine bacteria (Table 1). The selection of marine bacteria 
included recognized microbial pathogens of coral such as Serratia marcescens PDL100 (courtesy Kim 
Ritchie), which has been identified as the causative agent of white pox disease in elkhorn coral 
Acropora palmata [66], and Vibrio alginolyticus potential pathogen of Caribbean Yellow Band 
Disease (courtesy Kim Ritchie) [67]. Other marine bacteria included S. marcescens from channel 
water, Cheesequake Salt Marsh, NJ, V. parahemolyticus PP-A2 isolated from the mucus of healthy 
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Pseudoplexaura porosa,. In addition to marine bacteria, both Gram-positive and Gram-negative tester 
strains representing many human bacterial pathogens (Table 1) were used to address the range of 
bacterial inhibition by the gorgonian extracts. Marine bacteria were grown in diluted in nutrient media 
Difco marine broth (Becton, Dikinson and Co., Le Pont de Claix, France) and non-marine strains in 
Luria Broth (LB, Miller, Novagen, Merck KGaA, Darmstadt, Germany). 

Antimicrobial activity was tested using a bacteria turbidity assay and conducted in 96-well 
flat-bottom plastic microplates (Greiner bio-one, Monroe, NC, USA). This assay method requires less 
sample volume than the disc-diffusion assay and has been previously utilized to analyze antimicrobial 
activity in corals [68]. Assays were run in triplicate wells and experiments contained bacteria with 
extract, along with the following controls: bacteria only, bacteria + antibiotic, or bacteria + ethanol 
(to control for ethanol effects). Assays were run at appropriate temperatures for the select bacteria 
(37 °C for non-marine bacteria and human pathogenic strains, and 29 °C for marine and environmental 
strains). Ethanol extracts of gorgonians were diluted in nutrient media and 100 uL was added into each 
well for a final concentration of 250 ug/mL per well (and less than 2.5% ethanol final concentration). 
Overnight bacteria cultures, in exponential growth, were diluted to an optical density (OD 6 oo) of 
0.2 and 100 uL added to wells containing extracts for a final assay volume of 200 uL per well. The 
plates were gently mixed and an initial (time 0) OD600 reading was recorded with a Biotek Synergy 2 
spectrophotometer (Bio-Tek Inc., Winooski VT). Plates were then placed in a shaking incubator 
and hourly readings were recorded for 5 h with a final reading at 24 h. All assays were run in triplicate 
or quadruplet. 

Growth inhibition of bacteria cultures was measured by comparing the growth rate (GR) of 
bacteria with coral extracts to bacteria-ethanol controls. The GR was calculated with the following 
formula: 3.3 x log ((tf/ti)/n), where, U = final OD 6 oo, h = initial OD 6 oo, and n = tf— t\. The linear portion 
of logarithmic growth was used to select the initial and final hour and was kept standard between runs. 
Percent growth inhibition was determined by calculating the difference in GR of wells with gorgonian 
extract to ethanol control values (without the addition of extracts). 

4.4. Isolation and Identification of Vibrio parahaemolyticus 

To isolate culturable bacteria, mucus samples were collected from Psuedoplexaura porosa and 
diluted in sterile seawater. Diluted mucus was then spread onto glycerol artificial seawater agar and 
incubated at 24 °C. Bacteria that grew on the agar were subcultured into marine broth and identified to 
species. For species identification of culturable bacteria isolates, bacterial genomic DNA was extracted 
using a Ultra Clean Microbial DNA isolation kit (Mo BIO Carlsbad, CA, USA) per manufacturer's 
instructions. PCR amplification was performed on genomic DNA using Rln (forward primer 
GCTCAGATTGAACGCTGGCG) and U2 (reverse primer ACATTTCACAACACGAGCAGT) 
oligonucleotides, which correspond to positions within the Escherichia coli 16S rRNA gene [69]. A 
-1100 bp product, from PCR amplification, was identified with agarose gel electrophoresis and 
purified with a PCR purification kit (Qiagen Valencia, CA, USA). PCR products were sequenced via 
BigDye™ terminator cycling and automated sequencing (ABI Prism 3100x1) using Rln and U2 for 
forward and reverse strand synthesis respectively. Consensus sequences were then analyzed via 
GenBank BLAST searches and a percent identity match was made to known bacteria. Thus far, only 



Mar. Drugs 2012, 10 



1237 



one bacteria species, Vibrio parahaemolyticus, was identified from P. porosa mucus and the DNA 
sequence corresponding to this V. parahaemolyticus isolate has been deposited into GenBank 
(Accession number FJ892748). 

4.5. Pseudomonas aeruginosa 3-oxo-C12-HSL Bioassay 

Long chain TV-acylhomoserine lactones (AHLs) {i.e., 3-oxo-C12-HSL) were detected in gorgonian 
ethanol extracts using a sensitive QS reporter strain, Pseudomonas aeruginosa PA01-JP2 (pKR-C12), 
previously developed [70,71]. The bioassay procedure for detecting long chain AHLs and pro and 
antiquorum sensing activity with PA01-JP2 (pKR-C12) is well established [71] and was utilized in the 
present study with little modification. P. aeruginosa was obtained from Professor B. Iglewski from 
University of Rochester Medical Center, New York, USA. Pseudomonas aeruginosa PA01-JP2 
(a las/rhll double mutant unable to produce AHL signals) [70] harbors the biosensor plasmid 
pKR-C12 [72] and was used for testing inhibition or stimulation of QS. The reporter relies on the 
well-characterized plasmid pKR-C12, which contains a translational fusion of the lasB elastase gene 
(a virulence gene) of P. aeruginosa to green fluorescent protein (gfp) gene, encoding an unstable 
version of the Gfpmut3 protein [72]. Notably, the unstable variant of gfp is useful in that it allows 
detection of transient gene expression [73] and enables sensitive QS detection in real time. Moreover, 
pKR-C12 contains the lasR gene, under control of a lac-type promoter, which encodes the cognate 
receptor for the long chain AHL, 3-oxo-C12-HSL [72]. Thus, the reporter strain PA01-JP2 (pKR-C12) 
used in this study was specific to the las QS system and most sensitive to long chain AHLs [72]. 

Overnight cultures of the reporter strain grown at 37 °C in LB broth were diluted four-fold into 
fresh LB media, and grown for an additional 1 h. Crude extracts were added to microtiter plates to a 
final concentration of 250 ug/mL. After addition of 50 nM of 3-oxododecanoyl-L-homoserine lactone 
(a synthetic signal molecule, 3-oxo-C12-HSL, Cayman Chemical, Ann Arbor, MI, USA) to reporter 
strain cultures, 100 uL aliquots of culture were loaded onto plates containing the extracts. For controls, 
wells were loaded with the same volume of ethanol as the extracts for every experiment. Thereafter, 
microtiter plates were incubated at 37 °C for 4 h with agitation. Fluorescent signals (excitation = 485 nm; 
emission = 528 nm) and absorbance (OD 6 oo) were quantified with a Synergy 2 spectrophotometer 
(Bio-Tek Instruments, Gen 5 Software, Winooski, VT, USA). Values were reported as % inhibition 
fluorescence relative to control values (minor fluorescence due to ethanol without the addition of 
extracts). To test for stimulation of QS, assay conditions were the same as above except the AHL 
signaling molecule (3-oxo-C12-HSL) was not added to the reporter strain culture. Stimulatory values 
were reported as relative fluorescent units (RFU) and were compared to negative control cultures 
(no AHL added). 

4.6. Chromobacterium violaceum CV026 Bioassay 

The iV-acylhomoserine lactones (AHL) biosensor strain Chromobacterium violaceum CV026 served 
as an indicator organism by quantifying violacein (pigment) synthesis, a phenotype under QS control. 
Violacein production is dependent upon external addition of N-hexanoylhomoserine lactone (C6-HHL, 
Cayman Chemical, Ann Arbor, MI, USA) [64] in C. violaceum CV026, QS induction was tested by 
adding coral extracts to a 96- well plates containing overnight (18 h) cultures of C. violaceum CV026 
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following methods previously described [63]. Plates were incubated for 16 h at 27 °C on a plate 
shaker. Violacein pigment production was detected by drying the plates at 60 °C overnight, 
resolubilizing the violacein pigment in 100 uL of DMSO, and determining A 590 . HHL was added to 

_o 

assay wells at an optimal induction concentration (3.7 x 10 M HHL) to test for QS inhibition. The 
percentage inhibition of violacein production was correlated to ethanol control values without the 
addition of extracts and values were reported as percent inhibition relative to control values. For 
induction of QS, HHL was not added to assay wells and the presence of violacein in the wells 
indicated QS induction. For controls, wells were loaded with the same volume of ethanol as extracts 
for every experiment. 

4.7. Statistical Analysis 

Data were tested for normality (Shapiro-Wilk) and homogeneity of variances (Levene) prior to 
analysis. Data sets met parametric analyses constraints and were analyzed using ANOVA with Tukey 
post-hoc tests with JMP Statistical Discovery Software version 9.0 (SAS Institute Inc., Cary, NC, USA). 

5. Conclusions 

In this study, we report evidence for both inhibition and stimulation of quorum sensing (QS) 
activity and strong antimicrobial activity against select bacteria in Caribbean gorgonian extracts. These 
data indicate that microbial regulation in corals may occur by several different mechanisms, such as 
controlling bacteria growth directly or indirectly through modulating QS. Since the coral extracts were 
not very effective against several representative marine bacteria, controlling bacteria through direct 
inhibition or induction of the QS signals may be an alternative strategy. Although not a strategy 
employed equally by all genera of corals examined in this study. To our knowledge, this is the first 
demonstration of QS stimulation in Caribbean gorgonian corals. Testing of chemical extracts can 
suggest the presence of AHLs (or compounds with similar activity) in coral tissues, but cannot 
determine which component of the holobiont are the source of the AHL-like molecules. Identification 
of the AHL source is a crucial next step, as well as the bacterial phenotypes under AHL control. Our 
study also found that Caribbean gorgonians have strong antimicrobial activity against pathogenic 
bacteria of human concern and little antimicrobial activity against certain marine bacteria. Gorgonians 
may need to rely on other mechanisms, such as QS or inducible immune defenses, to control these 
relevant bacteria. Further work is needed to better understand microbial regulation in the coral 
environment and further characterize gorgonian antimicrobials with potential benefit to humans. 

Acknowledgments 

This work was funded by the National Science Foundation Award # OCE-0849799, the University 
of Texas at Arlington startup funds (LDM and KRD) and the Research Enhancement Program 
(LDM). Corals were collected under the specifications of the Florida Fish and Wildlife Conservation 
Commission nonresident saltwater fishing licenses as well as research permit number FKNMS-2007-050, 
for Gorgonia ventalina. We are most grateful to B.H. Iglewski for Pseudomonas aeruginosa PAOl 
and PA01-JP2 strains, L. Eberl for plasmid pKR-C12, and R. McLean for Chromobacterium violaceum 



Mar. Drugs 2012, 10 



1239 



strain CV026, K. Ritchie for Vibrio alginolyticus and Serratia marcscens PDL100 (ATCC # 39018), 
and M. Teplitski for Serratia marcescens MG1 and Serratia marcescens (ATCC # 39006). We would 
like to thank three anonymous reviewers for comments that improved the manuscript. 

References 

1. Bayer, F.M. The Shallow-Water Octocorallia of the West Indian Region: A Manual for Marine 
Biologists; Martinus Nijhoff: The Hague, The Netherland, 1961; Volume 55. 

2. Lasker, H.R. Prey preferences and browsing pressure of the butterfly fish Chaetodon capistratus 
on Caribbean gorgonians. Mar. Ecol. Prog. Ser. 1985, 21, 213-220. 

3. Fenical, W.; Pawlik, J.R. Defensive properties of secondary metabolites from the Caribbean 
gorgonian coral Erythropodium caribaeorum. Mar. Ecol. Prog. Ser. 1991, 75, 1-8. 

4. Goldberg, W. The ecology of the coral-octocoral communities off the southeast Florida coast: 
Geomorphology, species composition and zonation. Bull. Mar. Sci. 1973, 23, 465-488. 

5. Mitchell, N.D.; Dardeau, M.R.; Schroeder, W.W.; Benke, A.C. Secondary production of 
gorgonian corals in the Northern Gulf of Mexico. Mar. Ecol. Prog. Ser. 1992, 87, 275-281. 

6. Harvell, CD.; Fenical, W.; Greene, C.H. Chemical and structural defenses of Caribbean 
gorgonians (Pseudopterogorgia spp.). 1. Development of an in situ feeding assay. Mar. Ecol. 
Prog. Ser. 1988, 49, 287-294. 

7. van Alstyne, K.L.; Wylie, C.R.; Paul, V.J.; Meyer, K. Antipredator defenses in tropical Pacific 
soft corals (Coelenterata: Alcyonacea). I. Sclerites as defenses against generalist carnivorous 
fishes. Biol. Bull. 1992, 182, 231-240. 

8. Slattery, M.; Mcclintock, J.B.; Heine, J.N. Chemical defenses in Antarctic soft corals : Evidence 
for antifouling compounds. J. Exp. Mar. Biol. Ecol. 1995, 190, 61-77. 

9. Jensen, P.R.; Harvell, CD.; Wirtz, K.; Fenical, W. Antimicrobial activity of extracts of Caribbean 
gorgonian corals. Mar. Biol. 1996, 125, 411-419. 

10. Kim, K. Antimicrobial activity in gorgonian corals (Coelenterata, Octocorallia). Coral Reefs 
1994, 13, 75-80. 

11. Ritchie, K.B. Regulation of microbial populations by coral surface mucus and mucus-associated 
bacteria. Mar. Ecol. Prog. Ser. 2006, 322, 1-14. 

12. Bruck, T.B.; Bruck, W.M.; Santiago-Vazquez, L.Z.; McCarthy, P.J.; Kerr, R.G. Diversity of the 
bacterial communities associated with the azooxanthellate deep water octocorals Leptogorgia 
minimata, Iciligorgia schrammi, and Swiftia exertia. Mar. Biotechnol. 2007, 9, 561-576. 

13. Gil-Agudelo, D.L.; Myers, C; Smith, G.W.; Kim, K. Changes in the microbial communities 
associated with Gorgonia ventalina during aspergillosis infection. Dis. Aquat. Org. 2006, 69, 
89-94. 

14. Rublee, PA.; Lasker, H.R.; Gottfried, M.; Roman, M.R. Production and bacterial colonization of 
mucus from the soft coral Briarium asbestinum. Bull. Mar. Sci. 1980, 30, 888-893. 

15. Santiago-Vazquez, L.Z.; Bruck, T.B.; Bruck, W.M.; Duque-Alarcon, A.P.; McCarthy, P.J.; 
Kerr, R.G. The diversity of the bacterial communities associated with the azooxanthellate 
hexacoral Cirrhipathes lutkeni. ISMEJ. 2007, 1, 654-659. 



Mar. Drugs 2012, 10 



1240 



16. Knowlton, N.; Rohwer, F. Multispecies microbial mutualisms on coral reefs: The host as a 
habitat. Am. Nat. 2003, 162, S51-S62. 

17. Ritchie, K.B.; Smith, G.W. Microbial Communities of Coral Surface Mucopolysaccharide Layers. 
In Coral Health and Disease; Rosenberg, E., Loya, Y., Eds.; Springer- Verlag: Berlin, Germany, 
2004; pp. 259-263. 

18. Rohwer, F.; Seguritan, V.; Azam, F.; Knowlton, N. Diversity and distribution of coral-associated 
bacteria. Mar. Ecol. Prog. Ser. 2002, 243, 1-10. 

19. Rosenberg, E.; Koren, O.; Reshef, L.; Efrony, R.; Zilber-Rosenberg, I. The role of 
microorganisms in coral health, disease and evolution. Nat. Rev. Microboil. 2007, 5, 355-362. 

20. Luna, G.M.; Biavasco, F.; Danovaro, R. Bacteria associated with the rapid tissue necrosis of stony 
corals. EnvironMicrobiol. 2007, 9, 1851-1857. 

21. Pantos, O.; Cooney, R.P.; Le Tissier, M.D.A.; Barer, M.R. The bacterial ecology of a plague-like 
disease affecting the Caribbean coral Montastrea annularis. Environ. Microbiol. 2003, 5, 370-382. 

22. Mydlarz, L.; Harvell, C. Peroxidase activity and inducibility in the sea fan coral exposed to a 
fungal pathogen. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2007, 146, 54-62. 

23. Mydlarz, L.; Jacobs, R. An inducible release of reactive oxygen radicals in four species of 
gorgonian corals. Mar. Freshw. Behav. Physiol. 2006, 39, 143-152. 

24. Brown, B.E.; Bythell, J.C. Perspectives on mucus secretion in reef corals. Mar. Ecol. Prog. Ser. 
2005, 296, 291-309. 

25. Little, B.J.; Wagner, P.; Maki, J.S.; Walch, M.; Mitchell, R. Factors influencing the adhesion of 
microorganisms to surfaces. J. Adhes. 1986, 20, 187-210. 

26. Fuqua, C; Greenberg, E.P. Listening in on bacteria: Acyl-homoserine lactone signalling. Nat. 
Rev. Mol. Cell Biol. 2002, 3, 685-695. 

27. Swift, S.; Williams, P.; Stewart, G.S.A.B. jV-Acylhomoserine Lactones and Quorum Sensing in 
Proteobacteria. In Cell-Cell Signaling in Bacteria; Dunny, G.M., Winans, S.C., Eds.; ASM Press: 
Washington, DC, USA, 1999; pp. 291-312. 

28. Whitehead, N.A.; Barnard, A.M.L.; Slater, H.; Simpson, N.J.L.; Salmond, G.P.C. Quorum 
sensing in Gram-negative bacteria. FEMS Microbiol. Rev. 2001, 25, 365-404. 

29. Glessner, A.; Smith, R.S.; Iglewski, B.H.; Robinson, J.B. Roles of Pseudomonas aeruginosa 
las and rhl quorum-sensing systems in control of twitching motility. J. Bacteriol. 1999, 181, 
1623-1629. 

30. Sato, Y.; Sasaki, S. Control of the bioluminescence starting time by inoculated cell density. 
Anal. Sci. 2006, 22, 1237-1239. 

31. Rice, S.A.; Koh, K.S.; Queck, S.Y.; Labbate, M.; Lam, K.W.; Kjelleberg, S. Biofilm formation 
and sloughing in Serratia marcescens are controlled by quorum sensing and nutrient cues. 
J. Bacteriol. 2005, 187, 3477-3485. 

32. Zhu, J.; Miller, M.B.; Vance, R.E.; Dziejman, M.; Bassler, B.L.; Mekalanos, J.J. Quorum-sensing 
regulators control virulence gene expression in Vibrio cholerae. Proc. Natl. Acad. Sci. USA 2002, 
99, 3129-3134. 

33. Lupp, C; Ruby, E.G. Vibrio fischeri uses two quorum-sensing systems for the regulation of early 
and late colonization factors. J. Bacteriol. 2005, 187, 3620-3629. 



Mar. Drugs 2012, 10 



1241 



34. Visick, K.L.; Ruby, E.G. Vibrio fischeri and its host: It takes two to tango. Curr. Opin. Microbiol. 
2006, 9, 632-638. 

35. Skindersoe, M.E.; Ettinger-Epstein, P.; Rasmussen, T.B.; Bjarnsholt, T.; de Nys, R.; Givskov, M. 
Quorum sensing antagonism from marine organisms. Mar. Biotechnol. 2008, 10, 56-63. 

36. Taylor, M.W.; Schupp, P.J.; Baillie, H.J.; Charlton, T.S.; de Nys, R; Kjelleberg, S.; Steinberg, P.D. 
Evidence for acyl homoserine lactone signal production in bacteria associated with marine 
sponges. Appl. Environ. Microbiol. 2004, 70, 4387-4389. 

37. Tait, K.; Hutchison, Z.; Thompson, F.L.; Munn, C.B. Quorum sensing signal production and 
inhibition by coral-associated vibrios. Environ. Microbiol. Rep. 2010, 2, 145-150. 

38. Golberg, K.; Eltzov, E.; Shnit-Orland, M.; Marks, R; Kushmaro, A. Characterization of quorum 
sensing signals in coral-associated bacteria. Microb. Ecol. 2011, 61, 783-792. 

39. Alagely, A.; Krediet, C.J.; Ritchie, K.B.; Teplitski, M. Signaling-mediated cross-talk modulates 
swarming and biofilm formation in a coral pathogen Serratia marcescens. ISME J. 2011, 5, 
1609-1620. 

40. Teplitski, M.; Ritchie, K. How feasible is the biological control of coral diseases? Trends Ecol. 
Volution 2009, 24, 378-385. 

41. Kelman, D.; Kashman, Y.; Rosenberg, E.; Kushmaro, A.; Loya, Y. Antimicrobial activity of Red 
Sea corals. Mar. Biol. 2006, 149, 357-363. 

42. Mydlarz, L.; Holthouse, S.; Peters, E.; Harvell, C; May, R. Cellular responses in Sea Fan Corals: 
Granular amoebocytes react to Pathogen and climate stressors. PLoS One 2008, 3, doi:10.1371/ 
journal.pone.000 1811. 

43. Alker, A. P.; Kim, K; Dube, D.H.; Harvell, CD. Localized induction of a generalized response 
against multiple biotic agents in Caribbean sea fans. Coral Reefs 2004, 23, 397-405. 

44. Schug, K.A.; Wang, E.; Shen, S.; Rao, S.; Smith, S.M.; Hunt, L.; Mydlarz, L.D. Direct affinity 
screening chromatography-mass spectrometry assay for identification of antibacterial agents from 
natural product sources. Anal. Chim. Acta 2012, 713, 103-1 10. 

45. Davey, M.E.; Caiazza, N.C.; O'Toole, GA. Rhamnolipid surfactant production affects biofilm 
architecture in Pseudomonas aeruginosa PAOl. J. Bacteriol. 2003, 185, 1027-1036. 

46. Huang, Y.L.; Dobretsov, S.; Ki, J.S.; Yang, L.H.; Qian, PY. Presence of acyl-homoserine 
lactone in subtidal biofilm and the implication in larval behavioral response in the polychaete 
Hydroides elegans. Microb. Ecol. 2007, 54, 384-392. 

47. Suntharalingam, P.; Cvitkovitch, D.G. Quorum sensing in streptococcal biofilm formation. Trends 
Microbiol. 2005, 13, 3-6. 

48. Baumann, P.; Baumann, L.; Mandel, M. Taxonomy of marine bacteria: The genus Beneckea. 
J. Bacteriol. 1971, 107, 268-294. 

49. Johnson, R.M.; Katarski, M.E.; Weisrock, W.P. Correlation of taxonomic criteria for a collection 
of marine bacteria. Appl. Microbiol. 1968, 16, 708-713. 

50. Leone, S.; Silipo, A.; Nazarenko, EX.; Lanzetta, R.; Parrilli, M.; Molinaro, A. Molecular 
structure of endotoxins from gram-negative marine bacteria: An update. Mar. Drugs 2007, 5, 
85-112. 



Mar. Drugs 2012, 10 



1242 



51. Gram, L.; Grossart, H.P.; Schlingloff, A.; Kiorboe, T. Possible quorum sensing in marine snow 
bacteria: Production of acylated homoserine lactones by Roseobacter strains isolated from marine 
snow. Appl. Environ. Microbiol. 2002, 68, 41 1 1-4116. 

52. Mohamed, N.M.; Cicirelli, E.M.; Kan, J.J.; Chen, F.; Fuqua, C; Hill, R.T. Diversity and 
quorum-sensing signal production of Proteobacteria associated with marine sponges. Environ. 
Microbiol. 2008, 10, 75-86. 

53. Mayer, A.M.S.; Jacobson, P.B.; Fenical, W.; Jacobs, R.S.; Glaser, K.B. Pharmacological 
characterization of the pseudopterosins: Novel anti-inflammatory natural products isolated from 
the Caribbean soft coral, Pseudopterogorgia elisabethae. Life Sci. 1998, 62, PL401-PL407. 

54. Epifanio, R.D.A.; Maia, L.F.; Pawlik, J.R.; Fenical, W. Antipredatory secosterols from the 
octocoral Pseudopterogorgia americana. Mar. Ecol. Prog. Ser. 2006, 329, 307-310. 

55. Dudler, R.; Eberl, L. Interactions between bacteria and eukaryotes via small molecules. Curr. 
Opin. Biotechnol. 2006, 17, 268-273. 

56. Hughes, D.T.; Sperandio, V. Inter-kingdom signalling: Communication between bacteria and their 
hosts. Nat. Rev. Microbiol. 2008, 6, 111-120. 

57. Joint, I.; Tait, K.; Callow, M.E.; Callow, J.A.; Milton, D.; Williams, P.; Camara, M. Cell-to-cell 
communication across the prokaryote-eukaryote boundary. Science 2002, 298, 1207-1207. 

58. Kjelleberg, S.; Steinberg, P.; Givskov, M.; Gram, L.; Manefield, M.; de Nys, R. Do marine 
natural products interfere with prokaryotic AHL regulatory systems? Aquat. Microb. Ecol. 1997, 
13, 85-93. 

59. Manefield, M.; Rasmussen, T.B.; Henzter, M.; Andersen, J.B.; Steinberg, P.; Kjelleberg, S.; 
Givskov, M. Halogenated furanones inhibit quorum sensing through accelerated LuxR turnover. 
Microbiololy 2002, 148, 1 119-1 127. 

60. Kim, K; Harvell, CD. The rise and fall of a six-year coral-fungal epizootic. Am. Nat. 2004, 164, 
S52-S63. 

61. Couch, C.S.; Mydlarz, L.D.; Harvell, CD.; Douglas, N.L. Variation in measures of 
immunocompetence of sea fan coral, Gorgonia ventalina, in the Florida Keys. Mar. Biol. 2008, 
155, 281-292. 

62. Ward, J.R.; Kim, K; Harvell, CD. Temperature affects coral disease resistance and pathogen 
growth. Mar. Ecol. Prog. Ser. 2007, 329, 115-121. 

63. Martinelli, D.; Grossmann, G.; Sequin, U.; Brandl, H.; Bachofen, R. Effects of natural and 
chemically synthesized furanones on quorum sensing in Chromobacterium violaceum. BMC 
Microbiol. 2004, 4, doi: 10.1186/1471-21 80-4-25 . 

64. McClean, K.H.; Winson, M.K.; Fish, L.; Taylor, A.; Chhabra, S.R.; Camara, M.; Daykin, M.; 
Lamb, J.H.; Swift, S.; Bycroft, B.W.; et al. Quorum sensing and Chromobacterium violaceum: 
Exploitation of violacein production and inhibition for the detection of iV-acylhomoserine 
lactones. Microbiology 1997, 143, 3703-3711. 

65. Krick, A.; Kehraus, S.; Eberl, L.; Riedel, K.; Anke, H.; Kaesler, I.; Graeber, I.; 
Szewzyk, U.; Konig, G.M. A marine Mesorhizobium sp produces structurally novel long-chain 
iV-acyl-L-homoserine lactones. Appl. Environ. Microbiol. 2007, 73, 3587-3594. 



Mar. Drugs 2012, 10 



1243 



66. Patterson, K.L.; Porter, J.W.; Ritchie, K.B.; Poison, S.W. From the Cover: The etiology of white 
pox, a lethal disease of the Caribbean elkhorn coral, Acropora palmata. Proc. Natl. Acad. Sci. 
USA 2002, 99, 8725-8730. 

67. Mydlarz, L.D.; Couch, C.S.; Weil, E.; Smith, G.; Harvell, CD. Immune defenses of healthy, 
bleached and diseased Montastraea faveolata during a natural bleaching event. Dis. Aquat. Org. 
2009, 87, 67-78. 

68. Gochfeld, D.J.; Aeby, G.S. Antibacterial chemical defenses in Hawaiian corals provide possible 
protection from disease. Mar. Ecol. Prog. Ser. 2008, 362, 119-128. 

69. Weidner, S.; Arnold, W.; Puhler, A. Diversity of uncultured microorganisms associated with the 
seagrass Halophila stipulacea estimated by restriction fragment length polymorphism analysis of 
PCR-amplified 16S rRNA genes. Appl. Environ. Microbiol. 1996, 62, 766-771. 

70. Pearson, J.P.; Feldman, M.; Iglewski, B.H.; Prince, A. Pseudomonas aeruginosa cell-to-cell 
signaling is required for virulence in a model of acute pulmonary infection. Infect. Immun. 2000, 

68, 4331-4334. 

71. Peters, L.; Konig, G.; Wright, A.; Pukall, R.; Stackebrandt, E.; Eberl, L.; Riedel, K. Secondary 
metabolites of Flustra foliacea and their influence on bacteria. Appl. Environ. Microbiol. 2003, 

69, 3469-3475. 

72. Riedel, K.; Hentzer, M.; Geisenberger, O.; Huber, B. A^Acylhomoserine-lactone -mediated 
communication between Pseudomonas aeruginosa and Burkholderia cepacia in mixed biofilms. 
Microbiology 2001, 147, 3249-3262. 

73. Anderson, J.; Sternberg, C; Poulsen, L.; Bjorn, S.; Givskov, M.; Molin, S. New unstable variants 
of green fluorescent protein for studies of transient gene expression in bacteria. Appl. Environ. 
Microbiol. 1998, 64, 2240-2246. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3 .0/) . 



